I. Introduction
This paper develops a simple framework to analyze various pollution control strategies that have been used or are proposed in the urban passenger transport sector. The context is the declining quality of air in urban areas, which is among the serious problems associated with the rapid motorization of societies the world over. 1 The paper examines the point of impact of different policy levers and provides a categorization of different instruments that should assist policy makers when choosing between them. A distinguishing feature of this framework is its explicit recognition of behavioral incentives, in particular, the fact that offsetting changes in consumer behaviour can often undermine the original intent of particular policies.
The paper is organized as follows. Section II presents the basic framework we have used to examine transport emissions. Section III reviews pollutant characteristics and their impact. The resulting policy choices are discussed in more detail in section IV. Several urban transport projects supported by the World Bank are then reviewed in section VI, and section V concludes the report. 2 We start with a decomposition of total passenger transport air emissions into the following factors: (1) emissions per unit of fuel; (2) units of fuel per passenger kilometer; and, (3) passenger kilometers traveled. 3 This is illustrated in Figure 1 . 4 Each factor is influenced by a set of determinants (shown by arrows), some of which are linked to one another, as indicated by dotted lines. The decomposition provides a means of identifying the actual point of impact of different policies, and thus gives us a basis for tracing through their effects. It also makes transparent the linkages and feed-back mechanisms among them.
II. A Framework for Analyzing Passenger Transport Emissions
As an instance, it is known that in Los Angeles passenger kilometers traveled and units of fuel per passenger kilometer are high by world standards, but emissions per unit of fuel are among the world's lowest. By contrast, in Tehran, emissions per unit of fuel and units of fuel consumed per passenger kilometer are very high, but the number of passenger kilometers traveled is relatively low (though growing). The difference in the primary determinants of total vehicular emissions between the two cities means that the policies needed to control emissions will be very different.
The utility of the above framework thus lies in the clear separation of the determinants of transport related air emissions. For example, it is easily seen that reducing emissions per unit of fuel by 50 percent, ceteris paribus, will halve total emissions, as would curbing passenger kilometers traveled by the same proportion. Also, the former is a technical fix requiring no change in behaviour, while the latter depends on substantial behavioral modification. In reality, it is more likely that emissions control would involve a combination of policies that affect two or all three factors.
Figure 1. Urban Passenger Transport Emissions: Major Determinants and Linkages
Note: Solid lines represent direct determinants of the components of transport emissions Dotted lines show linkages between determinants. Among structural factors, urban structure or the pattern of urbanization plays a critical role in determining the volume of traffic and passenger travel patterns -and thus passenger kilometers traveled as well as liters of fuel used per passenger kilometer. For instance, public transport along high-density corridors is a fuel 
Emissions from Passenger Transport
Total emissions = emissions per liter x liters per passenger km x passenger kms traveled. efficient alternative to private automobiles. In low-density areas, however, public transport may consume substantially more fuel per passenger kilometer than the private alternative. Figure 2 rearranges the three emissions components and their determinants, and adds a list of policies that may help control them. It is clear that in practice few policies directly target total transport emissions, although emissions taxes and permits are theoretically possible efficient policies that would do so (Eskeland and Devarajan 1996) . More common are technological requirements like emissions standards, fuel economy standards and incentives for passengers to change behavior. It is clear that policies aimed at inducing changes in the number of passenger kilometers traveled, would need to effectively alter the "price" of automobile use, and, indeed, of car ownership. Figure 2 also suggests that the divisions between the three major components of emissions are imperfect. Some determinants (such as the age of the vehicle fleet) influence more than one component, and appear more than once, as do corresponding policies. These overlaps reflect the complex and interactive nature of transport emissions and the challenges faced in designing policies to address them.
It is vital to be conscious of complementarities across different policy levers. Policies that alleviate traffic congestion, for instance, increase average traffic speeds and thus lower emissions -idling vehicles or startstop traffic generate large volumes of traffic emissions. At times, however, complementarities across different policy levers may counteract well designed efforts to reduce emissions. For instance, improving fuel efficiency directly lowers emissions by reducing liters of fuel per passenger kilometer and the gross effect of the intervention could be significant. However, since this reduces the cost of travel, it also tends to increase passenger kilometers traveled, placing renewed upward pressure on emissions 5 , with a less significant effect on net.
III. Pollutant characteristics
Ambient data along with emissions inventories are the first step in gauging the magnitude of the air pollution problem in any city. Emissions inventories provide a breakdown of total emissions by source and pollutant. This is critical for appropriate policy design since different interventions would be dictated by the characteristics of different pollutant combinations, and cities are unlikely to have identical pollution profiles.
The primary rationale for reducing transport emissions is the health benefits from doing so. Appendix Table A1 lists World Health Organization and US Environmental Protection Agency guidelines on safe exposure levels for different air pollutants 6 . Tables A2 and A3 in the Appendix present the health impacts of these pollutants categorized by source, i.e., vehicle type, as well as by the different characteristics of motorized fleets that are the primary determinants of these emissions. This provides a means of deciding what particular aspect of the problem needs to be addressed, and is of particular relevance when designing projects that attempt to reduce transport related air pollution.
For example, Table A2 indicates that gasoline volatility is responsible for carbon monoxide and hydrocarbon emissions. 7 Table A3 shows the rough magnitudes of emissions generated by major vehicle types. 8 The tables do not, however, indicate which health impacts would be of greater concern, nor which would be most readily addressed. This is partly due to the fact that the answers to these questions are location and circumstance specific, and partly because empirical work in this area has been fairly limited.
The Global Environmental Monitoring System (GEMS) study of 20 megacities, showed that nearly all have problems with particulate matter (PM). 9 PM sources are widespread, including industry, power generation, transport, and burning of wood, trash, etc. Contributions to total PM vary by city, but emissions inventories from World Bank URBAIR reports suggest transport is responsible for substantial shares. For example, in Manila, Jakarta, and Bombay transport-related emissions and resuspension of PM range from 33 to 43 percent of total PM (URBAIR 1996a, b, c) . Within the transport sector itself, PM has several sources, thus complicating its abatement. Reduction of sulfur in gasoline and diesel would lower PM, but the great majority of transport PM (in developing cities) comes from resuspension from roads, and is exacerbated by traffic congestion. Hence, a comprehensive plan to lower PM would require at least three different (possibly concurrent) interventions: fuel reformulation, road paving/reconditioning, and the alleviation of congestion.
Another important local pollutant is ground-level ozone. Ozone formation requires both hydrocarbons (HC) and nitrogen oxides (NOx) in the presence of sunlight. Many variables are involved in the long and non-linear process, and there are a large number of sources of ozone precursors both within and beyond the transport sector. Although ozone formation can be controlled by limiting just one of its precursors the multiplicity of precursor sources complicates intervention.
The case of lead is relatively easy by comparison. If ambient concentrations of lead (Pb) are particularly high, as in many developing country cities, then policies targeting lead in gasoline can be adopted with little hesitation since, in the absence of smelters or other large industrial sources of lead emissions, blood lead concentration is highly correlated with gasoline lead levels. Lead can be controlled through a single instrument (fuel reformulation); and the costs of shifting to unleaded gasoline are relatively low when compared to the substantial benefits reaped.
The dispersion patterns of air pollutants also influence how their concentrations may best be reduced. For ambient carbon monoxide (CO) the relationship between concentration and motor vehicle traffic volume is roughly linear, although wind speed and direction, temperature inversions, and topographical characteristics also influence concentrations. Controlling CO concentrations in any particular area mainly requires controlling emissions originating in that area. On the other hand, it would be necessary to monitor many sites if a picture of city-wide concentrations is sought.
Concentrations of ozone tend to be much more spatially uniform, sometimes covering hundreds of thousands of square kilometers. This eases monitoring requirements compared to CO, but reducing ozone concentrations requires policies that affect precursor emissions on a (geographically) broad scale, encompassing at least an entire metropolitan region (Horowitz 1982) . This necessitates integrated transport policy planning because wide area control of emissions calls for a variety of complementary policies.
IV.
Policies to mitigate urban passenger transport emissions Tables 1 and 2 present an array of policies to mitigate urban passenger transport emissions in the context of the framework discussed in section II. Table 1 lays out the objectives of different policies and presents the mechanisms through which they work, as well as highlighting the important incentive considerations that would determine their success. It attempts to provide a basis for integrated policies. Table 2 provides examples of both successful and unsuccessful policies, as well as implementation pointers. The tables do not, however, present a cost-based ranking of policies, since this would vary with the particular context.
The two tables clarify some of the major policy-selection and implementation issues involved with transport planning. For example, a policy maker seeking to reduce traffic congestion could choose from many policy options. If traffic volumes are not very high, but road and traffic conditions strain smooth flow, then efficiency enhancement measures (i.e. traffic engineering) may be a good first step. Alternatively, if road conditions are good, then direct demand management measures or augmentation of road supply (or both) may be appropriate. Note that if the road supply increases, the actual volume of traffic and resultant emissions may also increase. So the net impact of the policy on air pollution may be less than anticipated.
The price elasticity of demand affects car purchase and use decisions, upgrading to newer cars and better fuels, as well as the number of trips made. The choice of transport mode at the individual level also depends on many factors, including the availability of alternative means of transport (a function of population density), consumer income and price -which need to be explicitly included in the analysis of any policy lever. 10 The high dependence of transport emissions on behavioral factors means that it is difficult to predict the magnitude of abatement induced by different policies. (This is also why command and control types of policies like mandated emissions standards are much more predictable in their impact than standard market-based instruments like emissions taxes.)
Policy makers need to take account of the determinants of both supplier (manufacturer) and consumer (motorist) behaviour when analyzing the incentives implied by different policies. Policy combinations and complementarities complicate matters. Still, behavioral modifications are usually the key to reductions in automobile emissions. 1. Some countries have technology-forcing "low emission vehicle" and "zero emission vehicle" requirements that mandate manufacturers build some proportion of their fleets to only through alternative fuels.
As an instance, while strict enforcement of emissions standards has successfully controlled vehicular emissions per unit of fuel in the U.S., restraint of emissions growth will likely need to concentrate on reducing the main unregulated component, passenger kilometers traveled. 11 Shalizi and Carbajo (1994) note that the combination of greater fuel efficiency and lower fuel prices in the US has led to consumers shifting to vehicles with more powerful engines (e.g. sport utility vehicles) thus negating some of the emissions reduction achieved. 12 On the supply side, incentives to introduce cleaner burning engines and catalytic converters will depend on the cost of producing them and on whether there is a perceived demand for them at economically viable prices. 13 So far, low and zero emission vehicles introduced in the US have been costly and demand for them has been low.
V. Implementation issues
A policy considered in isolation may be ineffectual because of the countervailing impact of other factors. For instance, mandating strict emissions standards without providing unleaded gasoline would be impractical since the primary means of meeting such standards, catalytic converters, function only with unleaded fuel. And any demand management policy designed to dampen private motorized travel would function only if viable public transport (or non-motorized alternatives) were provided. As such, a "supply" of public/alternative transport is an indispensable part of the strategy. Less obviously, programs such as inspection and maintenance require more than physical space and equipment. Administrative capacity, including adequate training, staff, and competence are essential; yet they are sometimes overlooked.
It is therefore important to design complementary policies in a manner that integrates public and private transport, and combines supply-side and demand-side controls.
Ideally, measures should address not just the transport sector, but all three related areas: land-use planning, transportation needs and modes, and air quality. Land-use planning that encourages large employers to locate near residential districts may reduce travel demand and subsequent emissions. Also, high-density urban corridors have been shown to be amenable to cost-effective public transport (Midgley 1994 ). 14 To most effectively control transport pollution, thus, compatible strategies for land-use need to be designed prior to launching major transport initiatives (Rebelo 1996) .
As mentioned earlier, the success of a policy may itself impose perverse incentives. Paving dirt roads in order to ease PM from resuspension and improving driving conditions may well raise the demand for travel. Likewise, relieving traffic congestion tends to attract more drivers since private travel becomes more efficient. Even emissions standards may send unintended signals. First, they may reduce fuel economy, and thereby raise consumption and CO 2 emissions. 15 Second, they provide no incentive for additional marginal emissions reduction once the standard is met, even if further reduction could be attained easily.
In addition, it is vital to ensure that incentive structures are compatible. For example, raising gasoline taxes to reflect the true social cost of using gasoline would have favorable impacts on passenger travel and fuel efficiency. 16 However, if a substitute such as diesel fuel were not taxed and remained substantially cheaper, then the gasoline tax policy would likely lose its punch as consumers switched to the cheaper fuel.
Finally, some instruments that permeate the full range of motorized transport systems can enhance virtually any abatement policy. Fuel taxes imposed on all fuels can help dampen demand, and they pay abatement dividends when used in concert with other policies, such as road pricing or fuel reformulation. As such, fuel taxes in tandem with other policies are nearly always a good combination (see Eskeland and Devarajan 1996) . 
VI. Review of selected urban transport projects
The salient features of the following projects are briefly summarized in Table 3 .
• Singapore Area Licensing Scheme This selection includes projects that were Bank assisted as well as government programs that did not receive any assistance from the World Bank. It is interesting to note that before the 1990s most traffic management projects did not explicitly talk about air pollution, although many of the steps they proposed would have had a direct or indirect impact on transport related emissions. These projects tended to affect pollution through their impact on total passenger kms or liters of fuel per passenger km. 17
Demand management requires a degree of political will that is rare, but surprisingly few of these projects include components focusing on land-use planning and public transport provision, which are less politically charged. These three measures are the hallmarks of the most successful project in our sample -the wellknown case of Singapore. The case of Curitiba is almost as famous for its emphasis on integrated land use and transport planning.
Quite a few projects in the sample explicitly consider per-vehicle emissions reduction via technical control components such as fuel reformulation, emissions standards and technology, and inspection and maintenance programs. But even without technological controls, demand management and public transport provision can reduce two of the three major components of total emissions: liters of fuel per passenger kilometer and passenger kilometers traveled. The various demand management measures (increased bus fares, road user charges, and parking fees) tend to dampen kilometers traveled, while public transport reduces fuel use per person in high density urban areas.
It is worth stating that unrelated government programs often undermine air pollution and transport efficiency goals. For instance, in Mexico City and Seoul government policies promoted the ownership and use of private cars (in part to support their domestic automobile industries) even as they tried to reduce air pollution by lowering congestion.
VII. Conclusion
This report has attempted to clarify some of the key issues affecting passenger transport-related air pollution in urban areas by presenting a simple framework for analysis. The virtue of this framework lies in its separation of factors and its simplicity, which can provide a sound basis for designing appropriate transport air pollution abatement policies.
• It is clear that any significant urban transport project or policy has implications for air pollution. As we have indicated, policies intended to improve transport efficiency often enhance air quality at the same time. This appears obvious when one notes that transport mode, road conditions and congestion levels are critical determinants of fuel use per passenger km, and that land-use planning choices would have a sizeable impact on passenger km traveled.
• In contrast to demand management, supply-side policies to relieve motor vehicle congestion may conflict with supply side measures to control air pollution. The countervailing impact of the rise in private motorized traffic in response to road and traffic improvements often makes it difficult to assess the net effect on air pollution. Building new roadways (absent road pricing) to alleviate heavy traffic can encourage a rise in the quantity of vehicles owned and on the road by making driving easier and relatively more cost effective. This would tend to worsen air pollution. However, other supply side measures can have the opposite effect on air pollution. If public mass transit systems (including bus and rail service) are well designed and efficient, commuters can be induced to use those alternatives to private vehicles if the appropriate demand management policies are adopted. 18
• Finally, there appears to be considerable scope for low cost solutions to air quality concerns regarding the transport sector. Often low technology, inexpensive policies such as establishing bus lanes or paving dirt roads substantially improve both transport efficiency and air quality.
The review of urban transport projects supplies a second perspective on these concerns. Overall there appear to be useful lessons to be learnt.
• The presence of a viable public transport system is necessary. Singapore's system, to cite the best known example, is critical to the success of the process of demand management adopted by that city. For cities contemplating measures to ease urban congestion, the provision of public transport has to be a priority if the enforcement of regulations limiting road usage or road pricing is not to be a complete sham. Behavioral change is very difficult, the more so in the absence of viable alternatives, as can be seen from the experience of Kuala Lumpur and Bangkok.
• As seen in Hong Kong, Singapore, and Mexico City, fuel and emissions standards should gradually become stricter over time. This ensures that the incentive to develop and adopt cleaner technology does not disappear, and the gradual ratcheting up of standards prevents major disruptions in production, which can be politically important when a domestic auto industry exists.
• Sustained enforcement appears to be key to limiting congestion and controlling related air pollution.
Cities like Seoul and Bangkok have suffered reversals in their campaign against congestion primarily because incremental improvements in congestion led to disproportionate increases in the number of vehicles on the streets. Two major classes of human health effects of exposure to outdoor air pollution exist. Acute effects are those that occur immediately (within 24 hours) after exposure. Often, acute effects are brief in duration, and may disappear after exposure ends. However, sometimes exposures to very high concentrations of pollutants can cause irreversible acute effects or even death. The entries in Table 1A showing relatively shorter exposure durations intend to establish safety thresholds for acute effects. However, highly sensitive individuals may suffer acute effects at lower ambient concentrations or briefer exposure durations (i.e., lower doses). 19 Moreover, several pollutants in combination may trigger acute effects despite "safe" doses of individual pollutants.
18
Chronic effects are long-lasting responses to pollution, usually the outcome of repeated exposures over a lengthy period of time. Chronic effects are usually delayed rather than immediate. The longer exposure entries in the table are designed to prevent the onset of chronic effects. However, the long term effect of mixtures of contaminants are not fully considered in these standards. 
